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"  Science  is  nothing  without  generalizations.  .  .  .  The 
suggestion  of  a  new  idea,  or  the  detection  of  a  law, 
supersedes  much  that  had  previously  been  a  burden 
upon  the  memory,  and  by  introducing  order  and 
coherence  £icilitates  the  retention  of  the  remainder  in 
an  available  form." 

Lord  Rayleigh. 
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various  portions,  each  of  which  may  rotate  or  vibrate  with 
respect  to  one  another,  the  number  of  degrees  of  freedom  of 
the  body  is  correspondingly  increased,  and  to  estimate  the 
actual  number  of  degrees  of  freedom  soon  becomes  im- 
possible. The  important  generalisation  connected  with  degrees 
of  freedom,  and  known  as  Boltzmann's  '*  theorem  of  the  equi- 
partition  of  energy  "  between  the  different  degrees  of  freedom 
possessed  by  a  body  may  be  stated  thus :  The  total  kinetic 
energy  of  a  system  (due  to  translation,  rotation,  vibration, 
etc.)  is  equally  divided  up  between  all  the  degrees  of  freedom, 
and  it  can  be  shown  that  the  amount  of  energy  per  degree  of 
freedom  amounts  to  ^RT,  the  unit  of  mass  being  the  gram- 
mole.  This  theorem  has  been  much  criticised,  but  it  would 
be  altogether  beyond  our  purpose  to  attempt  to  follow  it. 
The  application  of  the  theorem  in  connection  with  the  heat 
content  of  solids  is  discussed  in  Part  III.  (Vol.  II.). 

Although  we  have  not  been  able  to  infer  much  regarding 
constitution  from  specific  heat,  a  more  successful  attack  has  been 
made  upon  the  problem  from  the  standpoint  of  "  electrons " 
or  "  corpuscles,"  of  which,  according  to  Sir  J.  }.  Thomson, 
electricity — ^negative  electricity — itself  consists. 


& 


4 


Some  Applications  of  the  Corpuscular  or  Electron 
Theory  to  the  Problem  of  Molecular  and  Atomic 
Constitution. 

According  to  this  theory,  negative  electricity  consists  of 
extremely  small  particles  called  corpuscles  or  electrons,  which 
are  all  identical  in  size,  and  carry  the  same  charge.  These 
corpuscles  are  much  smaller  than  atoms,  and  according  to  the 
theory,  atoms,  and  therefore  molecules,  are  partly  built  up  of 
corpuscles.  Of  course  to  prevent  spontaneous  disintegration  of 
the  atom  due  to  the  mutual  repulsion  of  a  number  of  similarly 
charged  electrons,  it  is  necessary  to  assume  the  existence  of 
an  equal  amount  of  positive  electricity.  It  is  assumed,  there- 
fore, that  a  neutral  atom  consists  of  a  sphere  of  positive 
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electricity  (J.  J.  Thomson)  which  contains  a  number  of  cor- 
puscles moving  in  various  orbits,  the  number  of  such  corpuscles 
and  the  kind  of  motion  they  possess  being  the  ultimate  source 
of  chemical  and  physical  "properties."  It  will  be  of  interest 
to  consider  briefly  the  experimental  evidence  in  favour  of  the 
real  existence  of  corpuscles. 

Corpuscles  were  first  discovered  during  the  electrical  dis- 
charge through  a  highly  exhausted  tube.  Rays  are  shot  off  from 
the  cathode,  and  these  may  be  stopped  by  the  interposition  of 
some  material  placed  in  their  path.  These  cathode  rays,  as  they 
are  called,  on  striking  the  walls  of  the  tube  cause  a  vivid  green 
fluorescence  upon  soda  glass,  blue  on  potash  glass.  That 
these  rays  consist  of  negatively  charged  particles  was  shown 
by  the  fact  that  they  can  be  deflected  in  certain  directions  by 
a  magnetic  or  an  electrostatic  field,  or  both  simultaneously. 
The  first  important  quantity  which  would  serve  to  characterise 
these  rays  is  the  ratio  of  their  mass  to  their  charge.  To 
obtain  this  we  have  to  consider  the  effects  produced  by  a 
magnetic  and  an  electrostatic  field  upon  the  direction  of 
motion  of  the  particles.  Suppose  that  a  single  corpuscle  mass 
m  carrying  a  charge  e  is  moving  with  a  velocity  v  cms.  per 
second  through  the  tube,  then  by  putting  on  a  magnetic  field 
of  strength  H  it  is  possible  to  deflect  the  course  of  the 
corpuscle  in  a  given  direction.  If  simultaneously  an  electro- 
static field  be  set  up  (by  connecting  two  parallel  pieces  of 
metal  placed  inside  the  tube  to  the  two  ends  of  a  battery)  in 
such  a  direction  that  it  just  compensates  the  effect  of  the 
magnetic  field  so  that  the  path  of  the  corpuscle  is  undeflected, 
than  we  can  equate  the  effect  due  to  the  magnetic  field  to 
that  due  to  the  electrostatic.  The  magnetic  force  acting 
amounts  to  H^,  and  if  X  is  the  strength  of  the  electrostatic 
field  the  electrostatic  force  exerted  upon  the  electron  is  X^,  so 
that  when  these  two  forces  just  balance  we  have — 


or 


Hev 

=  Xe 

V 

X 

By  means  o   this  equation  one  can  determine  the  velocity  of 
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t°  cenligrade. 

Density  of 
liquid. 

Density  of 
saturated  vapotir. 

Pressore  exerted  by 
system. 

O 

0-914 

0*096 

34*3  atmos. 

5 

0-888 

O-II4 

39-0      „ 

lO 

15 

0*856 
0*814 

0-133 
0-158 

442      „ 
50-0      „ 

20 

0-766 

0*190 

56-3      ., 

25 

0-703 

0-240 

63*3      ». 

28 

0653 

0-282 

67-7      » 

29 

0-630 

0-303 

69-2      „ 

30 

0598 

0-334 

707      » 

30-5 

0*574 

0*356 

71S      » 

31 

0-536 

0-392 

72*3        n 

31*25 

0-497 

0*422 

72*8      .. 

31-35 

0-464 

0*464 

729    » 

Hence  critical    temperature  =  31-35°  C.  ;    critical   pressure  =  72*9 
atmospheres  ;  critical  volume  =        ,    c.c. 

If  the  values  of  the  densities  of  liquid  and  vapour  are 
plotted  against  temperature,  one  obtains  a  closed  curve  of  the 
shape  shown  in  Fig.  16. 
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If  the  mean  value  of  the  density  of  liquid  and  density  of 
vapour  at  each  temperature  be  likewise  plotted,  it  will  be  found 
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behariour  may  be  observed  in  the  case  of  the  system  when 
entirely  gaseous,  which  decreases  in  volume  as  the  pressure 
increases,  so  that  the  line  HC  is  followed.  On  reaching  C 
the  system  usually  becomes  partly  liquid,  that  is,  partial  con- 
densation occurs,  the  system  now  following  the  line  CA. 
Under  certain  conditions,  however,  e^.  in  the  absence  of  con- 
densation nuclei,  the  system  remains  gaseous,  even  on  being 


i 


VbLtome 

Fig.  i8. 

The  dotted  lines  indicate  on  this  CO,  diagram  Thomson's  hypothetical 

isothermals. 


compressed  beyond  C,  so  that  the  line  HC  continues  unbroken 
to  some  point  such  as  D,  when  in  general  sudden  (partial) 
condensation  occurs  and  the  pressure  and  volume  of  the  system 
corresponds  to  some  point  on  CA. 

Thomson  considered  that  this  idea  of  continuity  might  be 
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▼oinmes  the  values  t^^r-n^^t-     At  sdE  giCJtfer  yoIdids  thej 
appear  to  be  constant.'' 

The  general  coodaaiaa  is  ciut  the  Rao— f  and  Yaong 
equation  is  very  nearly  but  not  qoiie  in  agceemenc  vicfa  the 
actual  behaviour  of  lii^md  and  gas  sfsbssBSL. 

11.  Tete  ELqcatiox  of  tax  ool  Waalsl^ 

This  expresaoa  is  wider  in  ics  scope  tbaa  tiks  firsfc-ijaaCBd 
form  of  the  Raxnaay  and  Valine  equacion^  in  tfaoc  it  is  pcopaacd 

as  a  aubstitate  for  cfae  entire  **  perfect  gas  **  law  /r  =  RT,  and 
is  u3  be  j.ppiirahLe  to  .imrai  gases  and  liquids 
I:  is  wr.tren  thus — 


Wbere   r  and  J  are  regarded  as  cunatants  rh-tr^rftM  mtw  of 

J.  ziven  iubscance.  but  independent  of  temperatiiEe  aad 
vaiuine.  /.  r.  EL  T,  have  iheir  usual  ^icnincaiice.  The 
abcv-i  exprissicn  diners  tern  ±e  perfect  gas  law  in  that  it 

coccains   r¥'j   correcticn   D*rais^  ^^  and  i*      Tbe  term    .,    is 

Liicricuc;^  a3  nki*  ococunt  of  the  ainactive  tcrces  biiCwcea 
tiie  3ioLecules.-  These  forces  are  e.T.trenieiy  ^reac  when  the 
systini  .s  Lx'sid,  and  althoo^  cecreasini^  rapidly  wini  teni- 
pttraruTi  rise  and  rareacrioD,  ars  still  act  3«LiiLicie  until  tixe 
iystisi  is  well  xccve  rie  critical  rcinc  Tbe  perfect  ^as  law 
T?  =  xT  L'gKiTnt'?^,  of  c:urse,  trat  ±ere  are  ao  such  .rjHtssve 
rones  icerarrig  .:etw»;eE  :iie  aioleculesw  Li  rxe  incaerlcc  »5f 
acnal  zases*  vapcurs.  and  Iiquid&.  ±.e  cocexve  tctces  whica 
e.'^iSv.  iay.  apcn  a  sinirle  oioiecuie  are  oiurjallv  t^escxxctiv^ 
because  ±e7  ar^s  oc  rie  av*»T3;je   exerted   Ji  aJ.   directions 


,e  --K  jv-rsc  i:mrj  pi:»v«  ji  ue  Ji>nncg  ^cC««e«i  Jje  Jtwt«v-ui«H^ 
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(v  —  b)i  and  this  is  the  quantity  which  should  appear  in  any 
modified  form  of  Boyle's  Law,  for  this  law  does  not  take 
account  of  any  volume  occupied  by  the  molecules  them- 
selves. [It  is  more  than  likely  that  the  law  governing  the 
actual  compressibility  of  the  molecules  themselves  is  entirely 
different  from  a  simple  one  such  as  that  of  Boyle.]  When  we 
allow,  therefore,  for  the  simultaneous  modification  of  the 
pressure  and  volume  terms,  the  corrected  expression,  put  in  the 
shape  of  a  •*  Boyle's  Law,"  takes  the  form — 

Now,  if  we  simply  make  the  assumption  that  the  terms 
(p  +  —  J  and  {v  —  b)  should  replace  p  and  v  in  the  general 
gas  equation,  we  obtain — 

The  above  deduction  of  van  der  Waals'  equation  serves 
only  to  show  the  reasonableness  of  the  modifications  intro- 
duced. Van  der  Waals  himself  followed  a  more  rigid  method, 
starting  from  the  Clausius  virial.^ 

Van  der  Waals'  expression  is  a  cubic  equation  in  v^  as  is 
seen  when  it  is  rewritten  in  the  form — 


v^^{bJ^ 


R'TX  •  ,  a        ab 
p  J    ^p        p 


The  equation  has  therefore  three  roots,  f>.  three  values  of 
V  for  any  given/  and  T,  and  further,  all  three  roots  may  be 
real,  or  one  real  and  two  imaginary.  The  expression  is 
therefore  the  equation  of  curves  such  as  those  shown  in  the 
diagram.  Fig.  20. 

When  the  roots  are  real  and  different,  three  different  values 
for  V  (for  a  given/  and  T)  are  shown  by  the  points  A,  B,  and  C 

^  The  reader  should  consult  van  der  Waals'  monograph  or  Kuenen's 
Die  ZustandsgUUhung^  in  the  "  Wissenschaft "  series. 


VAN  DER    WAALS'  EQUATION 


97 


m  curye  I  on  the  pv  diagram.  When  the  /  and  T  values  are 
SQch  that  the  three  roots  are  real  and  identical,  the  curve  given 
by  the  equation  is  represented  by  II.  When  there  is  one  real 
root  and  two  imaginary,  the  curve  has  the  shape  represented 
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Fig.  20. 


by  III.  The  resemblance  between  these  curves  and  those 
suggested  by  James  Thomson  for  the  isothermals  below,  at, 
and  above  the  critical  point  is  very  striking.  The  van  der 
Waals  equation  carries  out  therefore  this  conception  of  the 
continuity  of  the  liquid  and  gaseous  states.  It  may  also  be 
pointed  out  that  the  equation  predicts  a  similar  continuity  for 


T.P.C. — I. 
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The  equation  of  Dieterici  may  be  put  in  a  somewhat  dif- 
ferent and  at  the  same  time  more  general  form  if  the  term  T 
be  raised  to  the  »th  power,  n  being  characteristic  of  the  sub- 
stance under  investigation.     The  expression  is  then — 

^       RT    — ^ 

By  differentiation  it  follows  that — 

d\ogp__idp  _  I      .     g 

dv        pbv  v  —  b'^'Y^v^ 


2a 
T*z^ 


and  H^  ^^^^  _  '  ^  _  i/^Y  -       '       _ 

aA      bv     )^p^      p^dv)   ""(z;  — ^)2 

At  the  critical  point  each  of  these  expressions   is  zero; 
that  is — 

I  a  .  I  2a 

and 


Whence  Vc  =  2b 

Tc«  =  - 

A 2 

and  — -  =  — -e^  =  -  ^  =  3-69  as  before. 

Pe^c  ^c  2  ^     ^ 


The  Variation  of  pv  with  p  from  the  Standpoint  of 
THE  General  Dieterici  Equation. 

The  general  Dieterici  equation  yields  the  following  ex- 
pression for /z^: — 

V  —  b 
Hence  log  (pv)  =  log  RT  +  log  z^  —  log  (v  —  b)^ , 


or  I  d{pv)fi ^j a_\az; 
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some  doubt  on  the  numerical  values  of  the  degree  of  poly- 
merisation obtained  by  the  above  means,  some  authors  con- 
sidering that  the  estimates  of  Ramsay  and  Shields  are  too  high, 
others  that  polymerisation  is  a  much  more  general  phenomenon 
and  that  possibly  even  normal  liquids  are  not  quite  free  from 
it.    The  whole  problem  is  only  very  partially  solved. 
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The  formation  and  decomposition  of  hydrobromic  acid  and 
hydrochloric  acid — 

2HBr^H2  +  Br2 
(Bodenstein  and  Geiger,  Zdtsch,  phys,  Chem,^  49,  70,  1904) ; 

(Dolezalek,  Zeitsch,  phys.  Chem.^  26,  334,  1898). 

Also  the  technically  important  reactions,  namely,  that  dealing 
with  the  fixation  of  nitrogen  from  the  air — 

N2  +  02^2NO 

(Nernst,  Gottingen  Nachrichien^  p.  261, 1904;  Nernst,  Jellinek, 
and  Finckh,  Zdtsch,  atiorg,  Chetn,^  46,  116,  1905  ;  49,  212, 
1906 ;  49,  229,  1906) ; 

and  the  well-known  water  gas  i  equilibrium — 

COa  +  Ha^HjO  +  CO 

For  details  of  these  reactions  the  reader  is  referred  to 
Haber's  Thermodynamics  of  Technical  Gas  Reactions. 

As  already  pointed  out,  a  consequence  of  the  absence  of 
volume  change  in  the  above  cases  is  that  for  all  such  reactions 
the  numerical  value  of  the  equilibrium  constant  is  the  same, 
whether  we  express  the  active  mass  of  the  components  either 
in  concentration  terms  (gram  molecules  per  liter)  or  in  partial 
pressure  terms  (atmospheres).  This  can  be  seen  at  once  by 
inspection  of  the  equilibrium  mass  action  equation^  because 
the  proportionality  factor  k  connecting  partial  pressure  with 
concentration  occurs  as  often  in  the  numerator  as  in  the  deno- 
minator, and  therefore  vanishes.  On  the  other  hand,  suppose 
one  considers  a  reaction  in  which  there  is  a  change  in  the  total 
number  of  molectiles  as  the  reaction  proceeds,  thereby  causing 
a  change  in  volume  (if  the  external  pressure  be  kept  constant), 
the  numerical  value  of  K  will  not  be  the  same  when  expressed 
in  concentration  and  partial  pressure  terms  respectively.  Thus, 
take  the  case  of  the  decomposition  of^nitrogen  peroxide — 

N204^2N02 

*  "  Water  gas"  itself  is  produced  by  passing  steam  over  heated  carbon, 
thereby  forming  a  mixture  of  COj,  CO,  H,,  and  H^O  vapour.  This  mixture 
can  be  used  as  a  gaseous  fuel,  since  it  gives  out  considerable  heat  whei; 
burnt  with  air. 
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the  cation  and  anion  respectively,  and  denoted  them  by  tJ  and 
V,  uf.  Ago  =  U  -|-  V.  He  based  this  relationship  on  the  purely 
additive  character  of  the  equivalent  conductivities  which  he 
observed.* 

His  law  means  that  the  mobility  of  Na',  for  exantiple, 
should  have  the  same  value  whether  derived  from  chlorides 
or  nitrates,  etc.  He  verified  it  by  showing  that  the  following 
held  true :    - 

{A^NaCl—  A^KCl}  =  {AooNaNOs  — AodKNOs}. 

We  see  that  the  law  is  in  agreement  with  this  experimental 
faet,  luTause— 

A«Naa=UH.-  +  Vcr 

A,KCI  =  Uk +Va' 

A,NaN08  =  UK» +VH(y. 

A,KN03  =  Uk+Vh(v. 
and  therefore 

A . NaCl -  A, KCl  =  Un.-  +  Vo'-Uk- -Va'=UN.— Uk- 

The  following  numerical  data  are  taken  from  the  extended 

list  givei^  by  Kv>hlniusch(Kohlrausch  and  Holbom,  LeUvermogen 

iii-r  F*ekt»iu\tAs     The  value  of  A.  was  found  to  have  reached 

N 

itH  linut  when  the  concentration  of  solute  was . 

looo 

s.th  >  A  *        Therefore,  asTOming  Kohlrassch's  Law  to  be  true — 

NuCl     .  .  io8m>  W-LNV=2ro 

KNOj  .  .  135-5)  ^ 

NaNOa  .  1040^  ••                     ^ 

KIO3     .  .  07*6)  _ 

NalOj  .  .  707^  "           ^^""^ 

iNasS04     .     iio\0  ^  ^ 

The  eonstanoy  of  ^Uk— I'sa*^  is   borne  out  by  these 

»  K\w  A  discusMvHi  of  ihc  mechAnicAl  fnctior.  of  ihc  solvent  see  a  paper 
by  Kohlimuvrh,  /Vn\  X.n.  5.V.,  Tl,  i^  1903. 
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V. 

A. 

«. 

of  moles  diMocittcMl  per 

TOO  moles  m  eolotaoD. 

I 

695 

0*675 

67s 

2 
lO 

ii-I 

0*736 
0*841 

2^:? 

20 

897 

0*872 

87*2 

100 

96*2 

o'93S 

935 

500 

99-8 

0*970 

97-0 

1,000 

100*8 

0*980 

98*0 

5,000 

101-8 

0*989 

989 

10,000 

102*9 1 

practically  umt^. 

50,000 

I02*8[  =  Aoo 

1 

t^.  complete  dis- 

100 

100,000 

102*4) 

sociation. 

Similarly,  for  NH4CI,  at  the  same  temperature : — 


c = dinodated  fncdon 

7'. 

A< 

of  one  mole  of  solute. 

I 

2 

90*7 

94-8 

0750 

10 

I03'5 
107*8 

0*856 

20 

0*892 

100 

114*2 

o*945 

500 

1 18*0 

0976 

1,000 

119*0 

0*985 

5,000 

120*4 

10,000 

I20'9     =  Aoo 

practically  unity 

50,000 

120*9 

Silver  Nitrate,  at  25°  C. 


V. 

A. 

«. 

16 

102*25 

0*828 

32 

108*00 

0*874 

64 

111*02 

0*899 

128 

114-34 
116*87 

0*926 

256 

0*947 

512 

118*75 
Aoo   =  123*45 

0*962 
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Reference  may  also  be  made  to  later  papers  upon  the  same 
subject  (Ostwald,  Zeitsch.  physik.  CAem.,  8,  170,  341,  369 
1889 ;  Bredig,  ilnd,y  18,  289,  1894).    A  few  typical  iUostra 

tions  may  be  given. 


Propionic  Acid,  at  25®  C. 


V  liters. 

A. 

icx>  a. 

K. 

8 

3-65 

i'oi6 

0*04130 

16 

5*21 

1-452 

0-04134 

32 

736 

2-050 

OO4I34 

64 

IO-39 

2-895 

OO4I35 

128 

14-50 

4*?5 

OO4I33 

256 

2038 

5*68 

0-04133 

512 

28*21 

7*86 

0-04131 

1024 

3873 

Aao  =  359 

10*79 

O-O4I28 

Meano-04134 

Succinic  Acid,  at  25°  C. 


V. 

A.' 

100  a. 

K. 

16 

11-40 

3*20 

O-O4662 

32 

16*03 

450 

0*04662 

64 

22*47 

6-32 

0-04667 

128 

31-28 

8*80 

O-O4664 

256 

4350 

12*24 

O-O4668 

512 

1024 

59-51 

81*64 

16-75 
22-95 

0*04659 

o-o«668 

2048 

109-5 

A*  =  355 

3082 

0-O4671 

Mean  0-O4665 

Ostwald  succeeded  in  confirming  the  dilution  law  for  250 
acids.  These  were  all  weak  acids.  Similarly,  Bredig  found 
the  law  applicable  in  the  case  of  50  bases  investigated  by  him. 

'  Succinic  add  only  splits  off  one  H*  until  great  dilation  is  reached, 
i\e.  it  acts  as  a  monobasic  acid.  The  condactivitj  values  are  actually 
molecular  conductivity,  which  is  identical  in  this  case  with  equivalent 
conductivity. 
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the  equilibria  relations  of  electrolytes  in  aqueous  solution  is 
that  all  (or  nearly  all)  strong  electrolytes — ^throughout  the 
range  of  dilution  lo-iooo  litres — do  not  even  approximately 
obey  the  dilution  law.  A  few  appear  to  do  so,  at  least  over  a 
certain  range  of  dilution,  notably,  amongst  acids,  dichlor- 
acetic  acid,  cyanacetic  acid,  and  maleic  acid,  but  these  instances 
are  relatively  few  in  number.^  All  the  ordinary  inorganic 
salts  (with  the  exception  of  cadmium  and  mercury  {ic)^ 
halides,  mercuric  cyanide,  and  one  or  two  ferric  salts),  all  the 
ordinary  inorganic  acids  and  bases  (with  the  exception  of 
weak  acids,  such  as  H2S,  H3BO3,  CO2}  HNO2,  SO29  phos- 
phorous acids,  and  NH3)  dissociate  in  such  a  manner  that  when 
one  calculates  the  "  constant "  for  each  dilution,^  it  is  found 
that  the  resulting  pumbers  scarcely  remain  even  of  the  same 
order  of  magnitude. 

Thus,  taking  the  case  of  NH4CI  at  18^  C,  which  we  have 
already  cited,  a  calculation  of  the  "  constant "  gives  the  follow- 
ing values  for  "  K  "  : — 


NH.CI. 


V. 

A.                     I 

0750 

Ostwald,  "  K." 

I 

907 

2*2 

2 

94-8 

0784 

1-4 

10 

103-5 

0*856 

0*51 

20 

loyS 

0*892 

037 

100 

II4'2 

o*94S 

0*16 

500 

ii8'o 

0-976 

0*08 

1,000 

119*0 

0-985 

0*065 

5»a» 

I20-4| 

1*000 

— 

10,000 

1 209  [A3, 

ti 

— 

50,000 

I20'9| 

»> 

— — 

The  "constant"  increases  rapidly  as  the  concentration 
increases.  If,  therefore,  we  assume  that  the  law  is  obeyed 
at  very  great  dilution  {i,e.  when  v  =  1000),  we  could  conclude 

*  For  farther  instances  of  acids  see  Abegg's  EUetrolytic  Dissodaiicn 
Theory. 

-  •*  a  "  being  calculated  from  conductivity  data. 
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that  undissociated  C0H5OH  is  formed,  thereby  using  up  H'  and 
C0H5O'  simultaneously,  until  the  expression — 

[H-]  X  [C,H50T 
[CHbOH] 

has  attained  the  necessary  value.  But  the  disappearance  of 
H*  necessarily  means  the  further  production  of  OH'  ions  from 
the  water,  since  the  product  of  [H*]  [OH']  is  constant,  and 
hence  the  solution  as  a  whole  reacts  alkaline — ^alkalinity 
being  due  to  excess  OH'.  This  is  the  mechanism  based  on 
the  theory  of  electrol3rtic  dissociation  to  account  for  the 
alkalinity  of  solutions  of  sodium  phenate.  The  same  be> 
haviour  is  exhibited  by  sodium  carbonate  or  KCN  solutions, 
because  CO2  and  HCN  are  extremely  weak  acids.  In  the 
case  in  which  we  deal  with  a  solution  of  a  salt  containing 
a  weak  base — say,  aniline  hydrochloride,  or  AlClg — the  re- 
sultant reaction  is  acid,  for  here  the  OH'  of  the  water  is  used 
up  in  combining  with  the  Al'*'  ions  to  give  some  undissociated 
A1(0H)3,  which  is  so  weak  a  base,  i>.  possesses  so  small  a  dis* 
sociation  constant,  that  the  productof  the  Al*"  ions  and  OH' ions 
in  the  present  case  would  exceed  the  necessary  value  for  equi- 
librium, and  since  [H*]  X  [OH']  is  always  constant,  it  follows 
that  more  H'  is  produced  from  the  water,  as  OH'  is  used  up 
to  form  A1(0H)3,  and  H*  remains  in  the  solution  as  such, 
thereby  giving  the  acid  reaction.  A  very  interesting  case  now 
presents  itself,  viz.  a  solution  of  a  salt  made  up  of  two  extremely 
weak  components,  e.g.  aluminium  acetate,  aniline  acetate,  or 
ammonium  acetate.  In  this  case  H*  ion  is  removed  from 
the  solution  along  with  acetanion  to  give  some  undissociated 
CHsCOOH.  Simultaneously  OH'  is  removed  from  the  solution 
along  with  NH4  or  Al'*',  to  give  undissociated  NH4OH  or 
Al(0H)8,  and  therefore,  although  the  extent  of  the  hydrolysis 
is  very  great,  the  solution  is  not  so  acid  or  so  alkaline  as  in  the 
previous  cases.  In  fact,  if  the  dissociation  constants  ofthecuid 
and  the  base  were  identical^  we  would  have  hydrolysis,  and  yet  the 
solution  would  be  neutral.  The  student  must  therefore  be  on 
his  guard  against  assuming  that  absence  of  neutrality  means 
absence  of  hydrolysis.    This  case,  however,  is  extremely  rare; 
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Case  I. — Let  us  take  the  case  of  a  salt  consisting  of  a  strong 
acid  and  weak  base  or  via  versd.     The  reaction  is  either 

AB  +  HgO^BOH    +    HA 


Practically 
undissoctated. 


Lar^ly 
dissociated. 


or 


AB  +  H20  =  B0H    +     HA 


Lai|{ely  Ftacttcally 

diuoaated.      un^fisaociated. 


=  constant 


At  equilibrium  applying  the  law  of  mass  action,  we  obtain — 

[BOH]  X  [HA] 
[AB]  X  [H2O] 

and  since  [H2O]  is  constant, 

[BOH]  X  [HA] 


[AB] 


=  a  constant  called  the  hydrolyHc  constant. 


Suppose  we  have  dissolved  i  mole  of  salt  AB  in  v  liters  of 
water  and  x  is  the  fraction  hydrolysed,  then — 

x^       V  x^ 

z/2'  I  —  ^       '     (i  — x)v 


=  constant 


so  that  as  v  increases  so  must  x,  i.e.  the  hydrolysis  increases 
with  the  dilution.^  When  the  hydrolysis  is  small  i  —  x=^  1 
approximately,  and  x  is  then  00  Vdilution. 


Illustration.— Hydrolysis  of  Potassium  Cyanide,  KCN 

(Shields,  1893). 


Concentration  of 
KCN  in  moles  per 

Fnurtion  of  each  mole  of  KCN  Inrdro- 

lysed,  i.e.  concentration  of  HCN 
(which  is  practically  undissodated}. 

x« 

liters!. 

V 

{x-'\v- 

0*947 
0-235 

0-095 

0*024 

0*0031  or  0-31  per  cent. 
0*0072  or  0*72        „ 
0*0112  or  1*12        „ 
00234  or  2*34        „ 

0*9   X  10-* 

1*22  X  I0-* 

i*i6  X  10—* 
1*3   X  io-» 

Mean  ri    x  10-* 

'  It  must  be  observed  that  this  is  not  always  true  (see  Case  II.).    The 
only  sound  treatment  is  to  consider  the  effect  from  the  standpoint  of  ions. 
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ipared 


when  ^ais  considerably  larger  than  Kw,  the  expression  reduces  to 

^  =  ^/--7-^     Le.  jcoc  V«' as  before 

The  hydrolysis  of  a  salt  consisting  of  one  weak  ponstitaent 
can  be  calculated  if  we  know  the  ionic  product  of  water  and 
the  dissociation  constant  of  the  weak-constituent 

Cask  II. — Now  consider  the  hydrolysis  of  a  salt  containiDg 
both  a  weak  acid  and  weak  base,  e^.  urea  acetate  or  aniline 
acetate.  If  we  start  with  i  mole  of  the  salt  in  v  liters,  and  a 
fraction  x  is  hydrolysed,  then  the  equilibrium  corresponds  to 

I  — —  X 

-  - '  moles  of  salt  practically  completely  dissociated, 
/>.  =  the  concentration  of  A'  or  B* 

V 


X 


likewise  there  are  -  moles  acid  very  slightly  dissociated 
and  -     „      base  „  „ 

We  must  take  into  account  the  dissociation  constants  ka  and 
ki,  of  the  free  acid  and  base.  From  the  dissociation  of  water 
we  have  the  relationship 

[H'][OH']  =  K^ 
For  the  acid  fHAT  ^ 

tor  the  base  [BO  if  I   "^   * 

Since  the  dissociation  of  the  acid  and  base  is  very  small, 
we  may  put  the  concentration  of  the  undissociated  acid,  viz. 

[HA]  =- ,  and  similarly,  [BOH]  =^ 


Hence  ka  = 


►r 


A  zrz-z 


>-j  ,.^  —  rij  - 
AXJ^i  OH  i^  —  HvO 


ai/yi  t.  0»;  siar  also  iTifrrMn  tre 
rta/'^ty^r^  >-iz.  tbe  cecoarpocxacxi  of 
'/  H'  ;0Ri  ^Bredig  and  Fneokd,  ZaisdL 

i^%i  ^Y-'lJ  '^xETtby  [H'^  dofvn  to  — ^^ —  are  detenninable,  bat 

t^^  inKi^.xifjz  of  neotnd  salts  has  a  distmbk^  effscL 

77i^  {^AVrKm^  table  ^taken  from  a  report  by  R.  C.  Fanner, 
JSrihih  Aiiociation  Rcp&ri^  240,  19c i)  cootains  the  Taloes  of 
X\in  jxrrc/mtage  hydrolysis  of  certain  salts  at  dednonnal  coo- 
'^fitration  at  25'' C-: — 

TABLE. 

itYtfiujLYM%  or  IIVDROCHLOKIDES  OF  Weak  Bases  as  measured  bj 

the  catalytic  decomposition  of  esters. 


fiti«^. 


Aftparai^iiic 

A'<*t01llllM'    . 


%  Hydrolysis. 


19 
36 


Base. 

%H}-drol;sis. 

Urea    .... 
Acetamide      .     . 
Thiourea  .     .     . 

90 
08 

99 

MvifMoi.VNiii  (iV  Ai.KAM  SALTS  OF  Weak  Acids  as  measured  by  the 

catalytic  Kaponification  of  esters. 


A'lil. 


Ilyiliorynnic    • 
Arrtli*    .     . 
(7hi1hiiiIi-  . 

IMirnol  . 


%  Hydrolysis. 


I'la 
o'ooS 

317 
3*05 


Add. 

%  Hydrolysis. 

p.  chlorophenol   . 
p.  cyanphenol 
p.  nitrophenol 

1*62 
0-29 
0'l6 
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infinite  dilimoii,^  as  equal  to  383  at  25^.  A«  stands  for  die 
equivalent  cooductiTitj  the  sak  liHmld  have  pff^tftfri^  had  no 
hydrolysis  taken  place. 

This  can  be  evahiated  by  the  method  of  Bredig  {Zdts^. 
physik,  Chem.^  13,  214,  1894),  namely,  by  the  addition  of  a 
sufficiently  great  excess  of  the  free  base  to  the  hydroljtic  sdt 
solution  until  we  reach  the  condition  that — 

A  =  A,^  ix,  jc  =  o 

which  must  be  obtained  when  the  A  observed  has  heame 
iruUpmdent  of  the  quantity  of  free  hose  added.  The:  applicability 
of  this  method  obviously  depends  on  the  validity  of  assomiog 
that  the  conductivity  of  the  base  itself  is  negligibly  small  com- 
pared with  that  of  die  salt  The  following  data  are  given  by 
Bredig  ifx.)  for  the  hydrolysis  of  aniline  hydrochloride : — 

The  column  headed  A  denotes  the  values  of  the  equivalent 
conductivity  when  the  solution  is  diluted  with  water  only. 

The  column  marked  Ao(32)  denotes  equivalent  conductivity 

N 
with       aniline  present  in  the  solution. 

The  column  marked  A064  denotes  values  obtained  with 
^    aniline  present. 


V. 


64 

128 
256 

512 

1024 


A. 


A^3»- 


io6-2 

95*9 
98*1 

"37 

I22'0 

lOO'I 

131-8 

101*4 

1440 

103-3 

A/4. 


96x> 

98-2 

ioo"3 

ioi*5 

1033 


The  agreement  between    the   two  final  columns    shows 

N 
that  even  with  7-   aniline  present  the  hydrolysis  of  the  salt 

has  practically  disappeared,  for  on  increasing  the  aniline  to 

^  Strictly  the  HCl  will  not  be  in  general  completely  dissociated*  but 
nu  very  serious  numerical  error  is  thereby  introduced. 
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say  about  95  per  cent.,  is  changed  over  into  the  form  of  ions. 
Now  this  change,  or  neutralisation,  of  the  indicator  does 
actually  require  a  certain  definite  amount  of  alkali  for  its 
completion,  and  the  more  indicator  is  present  the  more  alkali 
will  be  needed.  Most  indicators  of  this  class  are,  however, 
used  in  such  dilute  solution  that  this  effect  is  negligible ;  and 
it  is  further  important  to  notice  that  even  if  the  concentration 
of  the  indicator  is  moderately  high,  the  accuracy  of  the 
titration  will  not  be  affected  if  the  indicator  is  originally  put 
into  the  solution  in  the  same  form  as  it  will  have  at  the  end  of 
the  titration.  From  this  point  of  view,  such  indicators  as 
methyl  orange,  methyl  red,  nitrophenol,  must  be  used  in  the 
form  of  their  sodium  or  potassium  salts. 

"  Bearing  all  these  facts  in  mind  it  is  possible  to  draw  up 
a  table  showing  the  '  end-points '  of  various  indicators  when 
used  in  the  ordinary  manner  in  titration.  Thus  we  have 
already  seen  that  the  colour  change  of  methyl  red  is  only 
complete  when  the  concentration  of  hydrogen  ions  is  some- 
thing less  than  ic^ ;  and  the  end-point  observed  when  methyl 
red  is  used  as  an  indicator  in  the  ordinary  manner  lies  some- 
where between  lo"^*^  and  10 "*•'*,  the  variation  being  relatively 
unimportant,  and  due  to  the  inability  of  the  eye  to  detect 
small  changes  in  colour  without  a  special  apparatus.  The 
following  table  gives  the  values  of  the  end-points  of  the  more 
common  indicators;  the  actual  numbers  are  probably  not 
extremely  accurate  in  some  cases,  but  our  knowledge  is  at 
present  too  imperfect  to  allow  of  their  being  defined  with 
greater  precision : — 

Methyl  orange lo"**'^  to  io~^'* 

Methyl  red lo"^^  to  10"®* 

Litmus 10"® 5  to  io~7  5 

Phenolphthalein io"8*2  to  io~* 

Thymolphthalem 10  ^ 6  to  10-11 6 

'^  Having  arrived  at  these  numbers,  all  that  remains  is  to 
consider  how  the  concentration  of  hydrogen  ions  changes  in  a 
solution  when  we  titrate  acids  and  bases  of  various  strengths. 
When  we  know  this,  we  can  not  only  decide    upon    the 
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and  since 

ac  =  k^u 

c  —  -=- 
a 

Further,  since 

bd  —  V 

^=  b        k 

Now  consider  the 

special  case  of  an  amphoteric  electrolyte 

whose  basic  dissociation  constant  h  —  the  acidic  dissociation 

constant  ka- 

As  before — 

fl^  =  kf^U 

bd  =  k^u 

and  since 

K-h 

it  follows  that 

ac —  bd 

.*+r     a^d 

"     b  a 

Also,  since  the  solution  is  electrically  neutral,  it  follows  that — 

a-\-d=b  +  c 
.',a  =  b    i>.    [H-]  =  [OH'] 
and  c  =  d     [XOH']  =  [XH-] 

The  solution  is  therefore  chemically  neutral  at  all  dilutions, 

since 

OH'  =  H'  =  io~7  gram-equiv.  per  liter. 

Again,  c  =  —         ^=  — --^ 

'  a         K 


c  +  d 


=  *.[;+£] 


u 
Now  a  has  been  shown  to  be  constant  at  all  dilutions. 

Hence—  -^ 

u 

is  constant  at  all  dilutions,  iy.  the  degree  of  dissociation  of 
the  amphoteric  body  is  independent  of  the  dihitioa. 

Take  as  an  e^cample  a  substance  with  dissociatioQ  con- 
stants ^^  =  i>  =  1-2  X  10-'  (at  25^  C). 
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form  of  Ostwald's  dilution  law  to  the  electrolytic  dissociation 
of  water  itself,  namely — 

the  equation  taking  the  form — 

Cfl.  X  Cqh' 


Ch,o 


=  constant 


or,  since  the  concentration  of  the  water  is  constant,  Ch*  X  Cqh' 
=  constant  This  constant  may  be  called  the  "  ionic  product " 
as  well  as  ionisation  constant.  In  the  case  of  saturated 
solutions  of  electrolytes  in  which  some  solid  is  present,  the 
idea  of  distribution,  as  we  have  seen,  would  lead  to  an  equili- 
brium bemg  set  up  when  there  is  equality  in  the  number  of 
molecules  passing  in  opposite  directions  to  and  from  the  solid. 
The  ratio  of  the  concentration  in  the  two  phases  is  constant 
at  the  equilibrium  point  by  definition,  and  since  the  "con- 
centration" in  the  solid  is  constant,  the  concentration  of 
molecules  in  solution  is  constant  as  long  as  we  can  regard 
the  solvent  as  the  same,  ue.  as  long  as  it  is  unmodified  by  the 
presence  of  the  ions  themselves.  It  will  be  noted  that  we 
are  dealing  with  the  distribution  of  the  same  kind  of  molecular 
species  as  is  necessary  in  accordance  with  Nemst's  definition 
of  the  distribution  law. 

Now  let  us  consider  the  application  of  the  law  of  mass 
action  to  the  dissolved  state,  ue.  the  ions  and  molecules.  If 
we  are  dealing  with  a  simple  binary  dissociation  such  as  that 
of  AgCl  into  Ag'  and  CI',  we  have  the  relation — 

[AR-][cn 

lAgCl] 

supposing  the  simple  form  of  the  law  of  mass  action,  f>.  the 
dilution  law,  to  hold  good.  But  we  have  just  seen  that  in 
the  saturated  state  [AgCl]  is  constant — 

.-.  [Ag'][Cl']  =  a  constant 

called  the  solubility  product  or  ionic  product.  This  is 
of  fundamental  importance  in  dealing  with  solubility  relations 
of  electrolytes  especially  of  sparingly  soluble  salts.  It  will 
be  seen  from  the  above  that  if  we  increase  the  concentration 


=  constant 
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WATn  AS  MEOrOM. 


The  last  three  substances  were  the  least  stable,  being 
precipitated  from  solution  in  a  week. 


Ethyl  Alcohol  as  Mkdiuw. 

Colloid^  lubiunc. 

Jiat'^. 

Velocky  in  cr*  p«  ««)od  under 

Sn 
Zn 

... 
S! 

2-8 

Ag,  Au,  Pt,  Bi,  Fe,  Cu  could  not  be  prepared  in  the  form 
of  stable  solutions  in  ethyl  alcohol. 

Methyl  Alcohol  as  Medium. 


Co11«(lal 

■Wnc 

Sienofchuic 

cuifcd  by  oollolil. 

V 

Of.  roll  pa  or 

."" 

(+) 
{  +  ) 

,'. 

X10-* 

_ 

Ethyl  Malonate  as  Medium. 


Collaidll  lub 

„.«. 

cinKl  b/'^Xd. 

Velocity  H.c.».pa««»dund« 
m  (ndkm  of  t  volt,  per  cm. 

is  ::;:::  ; 

17 
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that  when  colloidal  arsenic  sulphide  (negatively  charged) 
precipitated  by  BaQg  this  salt  was  partly  decomposed,  a 
small  quantity  of  Ba(OH)2  being  found  in  the  precipitate, 
which  could  not  be  washed  out  completely,  even  after  pro- 
longed trial,  and  simultaneously  a  little  free  HCl  was  found 
in  the  supernatant  liquid.  This  dose  union,  which  in  the 
above  instance  exists,  between  the  barium  ion  (in  the  form  of 
baryta)  and  the  coagulated  colloid,  is  found  frequently  in  the 
case  of  other  ions  in  physiological  liquids  containing  organic 
colloids.  Reference  has  already  been  made  to  an  analogous 
phenomenon  in  dealing  with  the  osmotic  pressure  of  certain 
physiological  colloids  and  dyestuffs. 

Coagulation  of  a  colloid  is  in  certain  cases  a  reversible 
phenomenon,  though  it  is  more  frequently  irreversible.  Besides 
being  brought  about  by  the  addition  of  electrolytes,  it  may  also 
be  caused  by  heating  or  cooling  the  colloidal  solution  as  well 
as  by  electrolysis  (more  correctly  speaking  by  cataphoresis), 
the  particles  being  carried  in  virtue  of  their  chaiges  to  one 
of  the  electrodes,  where  they  become  discharged  and  assume 
the  gel  form.  (Reversible  coagulation  is  only  met  with  in 
certain  cases,  e.g.  gelatine,  when  the  coagulation  has  been 
brought  about  by  temperature  changes.  It  is  never  found 
when  coagulation  is  brought  about  by  addition  of  electrolytes.) 

A  very  remarkable  phenomenon  in  connection  with  coagu- 
lation is  Uie  protective  action  of  other  colloids  also  present  in  the 
solution.  Thus  colloidal  platinum  is  rendered  much  less 
sensitive  to  coagulating  agents  by  the  addition  of  a  little 
gelatine  to  the  solution.  The  mechanism  of  the  process  is  at 
present  unknown. 

It  should  be  remembered  that  the  colloidal  state  plays  a 
greater  rdk  in  ordinary  chemical  operations  and  reactions 
than  is  generally  supposed.  From  the  peculiar  form  in  which 
substances  (simple  inorganic  bodies)  may  be  precipitated  under 
certain  conditions,  it  seems  not  unlikely  that  the  colloidal 
state  (sol  and  gel)  represents  at  least  a  transition  stage  in 
such  phenomena.  Thus  it  is  possible  to  precipitate  barium 
sulphate  (which  is  ordinarily  a  definitely  crystalline  substance) 
in  a  form  not  very  different  from  a  diin  jelly,  which  passes 
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over  more  or  less  rapidly  into  the  stable  form.  Further,  in 
the  electrolytic  precipitation  of  metals,  such  as  copper,  the 
formation  of  a  smooth  deposit  is  assisted  by  the  presence  of  a 
little  gelatine  in  the  bath — ^an  effect  which  reminds  one  of  the 
"  protective  action  "  mentioned  above.  This  effect  in  the  case 
off  copper  electrolysis  has,  however,  been  called  recently  in 
question.  The  coagulation  phenomena  observed  in  the  case  of 
colloids  has  also  been  observed  in  the  case  of  suspensions  and 
emulsions^  though  these  have  been  less  extensively  investigated 
{cf.  BoAXznAtt^  fahrbuch  fur  Mineralogie^  2,  147,  1893). 

We  are  now  in  a  position  to  return  to  the  question  of  the 
electrical  charge  on  a  colloidal  particle  as  determined  by 
Burton  (/.r.)  from  the  amount  of  Al2(S04)s  just  required  to 
cause  precipitation.  Burton  determined  this  by  measuring 
the  velocity  of  the  colloid  particle  in  an  electric  field  when 
different  amounts  of  electrolyte  were  present.  The  following 
data  were  obtained  for  colloidal  silver  in  water : — 

6'5  Milligrams  Silver  per  100  c.c.  Solution. 


Grams  of  Ar'iper 
soo  cc.  solution. 


O 

14  X  lOr* 
38  X  IO-* 
77  X  10-* 


Specific  oonductivitv 
of  tlie  solation  at  i8°  C. 


31-0  X  IO-" 
30*3  X  IOr-« 
297  X  lO-* 
28'5  X  IO-* 


Velocity  of  silver  sol  in  cm.  per 
second  under  i  volt  per  cm.  gradient. 


22*4  X  i<^  towards  anode 

72  X  io-» 

S'9  X  io-»        „      cathode 
13*8  X  10-* 


>> 


>9 


The  colloid,  which  by  itself  is  n^atively  charged,  becomes 
eventually  positively  charged  on  addition  of  Al2(S04)s,  and  at 
the  region  in  which  the  Al"""  is  26  X  10— •  grams  per  100  cc. 
the  velocity  would  be  zero.  This  is  called  the  isoelectric  point 
(Hardy),  and  at  this  point  the  critical  concentration  of  Al*'*  is 
reached  for  coagulation.  As  a  matter  of  fact,  the  colloid 
which  travelled  towards  the  cathode  was  very  unstable,  and 
precipitated  itself  after  a  short  time.  The  velocity  method 
is  the  most  exact  method  for  determining  the  coagulating 
point,  i,e,  the  ''  critical "  amount  of  electrolyte  required. 

*  No  allowance  was  made  for  hydrolysis  of  A!,(S04),  giving  rise  to 
AI(OH)a,  which  is  very  slightly  dinociated. 
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21 

220 
320 


«'39 
4-9t 
714 

11*0 
1257 

I5-2&; 


onofll 


BStd  Sot  K 


AnotlMrr  example  of  monomoleciilar  opposed  rcacdoos  is 
to  be  found,  in  adding  a  small  quantity  of  acetic  add  to  a 
concentrated  solution  of  water  and  alo^ol,  whereby,  of  cooise, 
ethyl  acetate  is  formed,  but  the  alcohol  and  water  concentra- 
tion may  be  regarded  as  constant,  so  that  the  reaction  is 
virtually  acid  ^  ester,  and  the  equation  is — 

where  a  is  the  amount  of  acid  present  initially,  and  x  is  the 
amount  transformed  into  ester. 

The  same  reaction,  as  already  pointed  out,  is  bimolecular, 
when  no  component  is  present  in  excess.  Thus,  if  one  mole 
of  ester  -f-  one  mole  of  water  are  present  to  start  with,  then  at 
time  / 


and 


{/x 

/  ==  -  (Berthelot  and  Pean  de  St.  Gilles) 
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